Optically active nanomaterials promise to advance a range of biophotonic techniques through nanoscale optical effects and integration of multiple imaging and therapeutic modalities. Here, we report the development of porphysomes; nanovesicles formed from self-assembled porphyrin bilayers that generated large, tunable extinction coefficients, structure-dependent fluorescence self-quenching and unique photothermal and photoacoustic properties. Porphysomes enabled the sensitive visualization of lymphatic systems using photoacoustic tomography. Near-infrared fluorescence generation could be restored on dissociation, creating opportunities for low-background fluorescence imaging. As a result of their organic nature, porphysomes were enzymatically biodegradable and induced minimal acute toxicity in mice with intravenous doses of 1,000 mg kg
T herapeutic and diagnostic techniques benefiting from components that efficiently absorb light include fluorescent and colorimetric detection 1, 2 , photothermal and photodynamic therapy [3] [4] [5] , photoacoustic tomography (also known as optoacoustic tomography) [6] [7] [8] [9] , optical frequency domain imaging 10 and multimodal techniques 11 , among others. As inorganic nanoparticles often interact strongly with light, they can be used as agents for these techniques. For instance, quantum dots are valuable fluorescent probes and have extinction coefficients in the range of 10 5 -10 6 M −1 cm −1 (ref. 12) . Gold nanoparticles are useful for colorimetric detection, photothermal and photoacoustic techniques owing to their much higher extinction coefficients, of the order of 10 9 -10 11 M −1 cm −1 (ref. 13) . Despite recent progress 14 , optically active inorganic nanoparticles have not yet achieved broad clinical implementation, possibly stemming from drug loading typically being limited to the nanoparticle surface and concerns regarding long-term safety [15] [16] [17] [18] . In contrast, organic nanoparticles (including liposomes, lipoproteins, micelles, nanospheres and polymersomes) have found many human therapeutic applications as a result of robust biocompatibility and drug-delivery capacity 18 . However, as these organic nanoparticles generally do not intrinsically absorb light in the near-infrared region, they have been of limited use for biophotonics. Although supramolecular assemblies can be formed entirely by porphyrin conjugates, intensely light-absorbing organic small molecules, these constructs have not been thoroughly explored as biophotonic tools owing to a lack of stability, solubility or biological utility 19 . Here we introduce 'porphysomes'; organic nanoparticles self-assembled from phospholipid-porphyrin conjugates that exhibit liposome-like structure and loading capacity, high absorption of near-infrared light, structuredependent fluorescence quenching and excellent biocompatibility, and show promise for diverse biophotonic applications.
Porphysomes were formed by supramolecular self-assembly. The porphysome subunits consisted of porphyrin-lipid conjugates generated by an acylation reaction between lysophosphatidylcholine and pyropheophorbide, a chlorophyll-derived porphyrin analogue. This hydrophobic chromophore was positioned in place of an alkyl side chain, maintaining an amphipathic structure (Fig. 1a ). This conjugate could be self-assembled in aqueous buffer with extrusion to form porphysomes. A concentration of 5 molar% polyethylene glycol (PEG)-lipid was included in the formulation to enhance in vivo pharmacokinetics 20 . Transmission electron microscopy showed that these porphysomes were spherical vesicles of 100 nm in diameter (Fig. 1b) . At higher magnifications, the porphysome structure was revealed as two layers of higher-density material separated by a 2 nm gap, corresponding to two separate monolayers of porphyrin. Pyropheophorbide porphysomes exhibited two absorption peaks, one at 400 nm and one in the near-infrared window at 680 nm (Fig. 1c) . Further redshifted porphysomes (760 nm) were produced by using subunits generated from another type of porphyrin; a bacteriochlorophyll analogue that was synthesized in the same manner as pyropheophorbide-lipid. Alternatively, a protocol was developed to insert metal ions into the porphyrin-lipid structure, resulting in shifted optical density bands (440 nm and 670 nm) and demonstrating the unique phenomenon that porphysomes can form metal-chelating bilayers. These different porphysome. The phospholipid headgroup (red) and porphyrin (blue) are highlighted in the subunit (left) and assembled nanovesicle (right). b, Electron micrographs of negatively stained porphysomes (5% PEG-lipid, 95% pyropheophorbide-lipid). c, Absorbance of the porphyrin-lipid subunits incorporated in porphysomes formed from pyropheophorbide (blue), zinc-pyropheophorbide (orange) and bacteriochlorophyll (red) in PBS. d, Resonance light scattering spectra ratio between gold nanorods and pyropheophorbide porphysomes. Nanorod and porphysome concentration was adjusted to have equal optical density at 680 nm. e, Dynamic light scattering size profiles of indicated porphysomes recorded in PBS.
NATURE MATERIALS
types of porphysome could be useful in scenarios in which specific operating wavelengths are required (for example, to match a given laser excitation source). To verify that the absorbance spectra corresponded to light absorption, rather than scattering, we compared porphysomes with wavelength-matched gold nanorods (with 680 nm extinction peaks) using resonance scattering 21 . Porphysomes exhibited up to 100 times less resonance light scatter at the optical density wavelength peak at which the samples were normalized (Fig. 1d) . The monodisperse 100 nm sizes exhibited by various types of porphysome (Fig. 1e) are in a suitable range to take advantage of the enhanced permeability and retention effect for passive accumulation in tumours 22, 23 . Flexibility in size control was demonstrated as sonication of porphyrin-lipid in water produced smaller, 30 nm, nanoparticles ( Supplementary  Fig. S1 ), which could be useful for applications requiring smaller nanoparticle sizes. Geometric calculations for vesicles of 100 nm in diameter composed of subunits with phosphatidylcholine headgroups indicate that there are approximately 8×10 4 porphyrin conjugates per porphysome 24 . On the basis of pyropheophorbide absorbance (accounting for differences in the absorbance of the intact porphysome measured in PBS and the dissociated porphyrin-lipid obtained by diluting 1-2 µl of porphysomes in 1 ml of methanol, as shown in Supplementary Fig. S2 ), we estimate a pyropheophorbide-porphysome extinction coefficient, ε 680 , of 2.9 × 10 9 M −1 cm −1 . This large, near-infrared extinction coefficient is a reflection of the dense porphyrin packing in the bilayer that generates the unique nanoscale optical behaviour of porphysomes.
To understand the implications of such a high number of porphyrin-lipid conjugates in a 100-nm-diameter nanovesicle, fluorescence self-quenching was examined. As increasing amounts of porphyrin-lipid were included in the formulations of standard liposomes (3:2 molar ratio of egg-yolk phosphatidylcholine/ cholesterol), self-quenching increased up to 1,200-fold when porphysomes were formed completely by porphyrin-lipid subunits (Fig. 2a) . This is much greater than typical porphyrin quenching 25 and indicates an energetically favourable supramolecular structure in which the porphyrin-lipid orientation facilitates extensive porphyrin interaction and quenching. As PEG-lipid was added to enhance in vivo pharmacokinetics, its potential to modulate porphysome self-quenching was assessed. Whereas incorporating 5 molar% distearoylphosphatidylcholine (the lipid portion of the PEG-lipid) did not affect quenching, 5 molar% PEG-lipid modestly enhanced self-quenching to over 1,500-fold (Fig. 2b) . This increase was due to the stabilizing effect of PEG, consistent with observations that porphysomes containing PEG maintained their size and monodispersity for at least nine months, whereas those without PEG aggregated rapidly. To assess whether any nanostructure composed of dye-lipid subunits would be sufficient to generate extreme self-quenching, vesicles formed from 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD)-lipid (a non-ionic dye conjugated to a lipid in a manner similar to that for porphyrin-lipid) were examined. NBD-lipid could not form monodisperse 100 nm vesicles (data not shown) and self-quenching was only 20-fold, highlighting the role of porphyrin interaction in defining porphysome structure and nanoscale properties. Differential scanning calorimetry revealed that the porphyrin-lipid had no apparent transition temperature, indicating that porphyrin stacking is distinct from the typical acyl chain interactions that drive normal lipid transitions in liposomes ( Supplementary Fig. S3 ). To determine whether quenching was solely a characteristic of porphyrin confinement in a bilayer, the behaviour of free porphyrin in liposomes was examined. The maximum amount of free pyropheophorbide that could be incorporated into liposomes was only 15 molar%, because manual extrusion became physically impossible beyond this amount. Porphysomes exhibited five times more self-quenching at corresponding levels of porphyrin-lipid incorporation (Fig. 2a,b) , demonstrating again that the porphyrin bilayer structure is essential for extensive self-quenching. Porphyrin-loaded liposomes have been described for biological applications, but can accommodate only a small molar fraction of porphyrin and cannot prevent porphyrin redistribution to serum proteins 26 . Other porphyrin vesicles and diblock co-polymers have been described that incorporate porphyrin subunits, but lower porphyrin density resulted in lower extinction coefficients and an absence of significant fluorescence self-quenching 27, 28 . As porphysomes are highly self-quenched, energy that is normally released to fluorescence and singlet-oxygen generation (pyropheophorbide has a combined fluorescence and singletoxygen quantum yield approaching unity) is dissipated elsewhere. As seen in Fig. 3a , on exposure to laser irradiation, energy F 0 corresponds to the fluorescence of the porphysomes in PBS and F DET is the fluorescence after disruption of the porphysomes using 0.5% Triton X-100. Nanovesicles were formed from films containing the indicated molar% porphyrin-lipid and the remainder egg-yolk phosphatidylcholine/cholesterol (3:2). b, Self-quenching of various nanovesicle formulations (mean ± s.d. from four experiments). DSPC, distearoylphosphatidylcholine; DSPE, distearoylphosphatidylethanolamine. The maximum free porphyrin that could be loaded in liposomes before manual extrusion became physically impossible was 15 molar%.
was released thermally, with an efficiency comparable to gold nanorods (photothermally active inorganic nanoparticles), whereas laser irradiation of standard liposomes generated no significant increase in solution temperature. As photoacoustic signal generation is related to thermal expansion, porphysomes also generated strong photoacoustic signals, proportional to concentration and detectable as low as 25 picomolar, although detection in this range was slightly nonlinear ( Supplementary  Fig. S4 ). Although photoacoustic signal is correlated to absorption, when detergent was added to disrupt the porphysome structure (actually generating an increase in absorption), photoacoustic signal decreased up to sixfold (Fig. 3b) . The detergent had no effect on the photoacoustic signal of the clinically used contrast agent methylene blue, indicating that the structurally based self-quenching of porphysomes is requisite for nanoscale photoacoustic properties. This basic phenomenon of photoacoustic signal attenuation on detergent-induced porphysome dissociation is demonstrated in the photoacoustic images in Fig. 3c . We next examined the unique quality that porphysomes are intrinsically suited for both photoacoustic tomography and thermal camera. b, Ratio of photoacoustic amplitudes (P.A.) measured for porphysomes and methylene blue ±0.5% Triton X-100 (mean ± s.e.m. from 10 measurements). det., detergent. c, Photoacoustic images of tubing containing porphysomes and PBS measured ±0.5% Triton X-100. d, Dual modality for photoacoustic contrast and activatable fluorescence. Top, lymphatic mapping. Rats were imaged using photoacoustic tomography before and after intradermal (i.d.) injection of porphysomes (2.3 pmol). Secondary lymph vessels (cyan), lymph node (red), inflowing lymph vessel (yellow) and 5 mm scale bar are indicated. Bottom, fluorescence activation after i.v. injection of porphysomes (7.5 pmol) in a KB xenograft-bearing mouse. e, Triggered fluorescence activation on folate-receptor-mediated uptake in KB cells. Porphysomes were incubated for 3 h with KB cells, and porphyrin-lipid (yellow) and nuclei (blue) were visualized with confocal microscopy.
fluorescence imaging in vivo. Photoacoustic techniques are gaining recognition and have recently been used to non-invasively detect circulating cancer cells in blood vessels 29 , as well as in sentinel lymph nodes 30 . When porphysomes were injected intradermally in rats, the local lymphatic network became clearly detectable within 15 min as porphysomes drained to the lymph vessels and nodes (Fig. 3d, top (red), the inflowing lymph vessel (yellow) and surrounding lymph vessels (cyan). The presence of porphysomes in these lymphatic vessels was directly confirmed by the distinct spectral signature of porphysomes in comparison with that of blood ( Supplementary  Fig. S5 ). Other lymph nodes could be traced over time (Supplementary Fig. S6 ). By using a 6.5 ns pulse width, 10 Hz laser, photoacoustic measurements did not generate sufficient heating to damage surrounding tissues. Next, to investigate whether porphysomes are suited for in vivo fluorescence imaging, they were injected intravenously into mice bearing KB cell xenografts. At 15 min post-injection, there was low overall fluorescence signal, demonstrating the self-quenching of porphysomes in vivo (Fig. 3d , bottom left). After 2 days, high tumour fluorescence was observed, as porphysomes accumulated in the tumour and became unquenched (Fig. 3d, bottom right) , potentially through an enhanced permeability and retention effect or receptor-mediated endocytosis (the porphysomes used for fluorescence imaging included 1 molar% of folate-PEG-lipid). The concept of porphysome quenching in vivo was more markedly illustrated when we injected detergent-disrupted porphysomes into mice and observed much higher initial fluorescence (Supplementary Fig. S7 ). Thus, on the basis of unique self-assembled and nanoscale properties, porphysomes are intrinsically multimodal for both photoacoustic tomography and low background fluorescence imaging. To examine the behaviour of porphysomes on uptake by cancer cells, folate-receptor-targeted porphysomes were produced by including 1 molar% folate-PEG-lipid. The folate receptor is overexpressed in a variety of cancers and effectively internalizes liposomes conjugated to folate 31 . When KB cells (which overexpress the folate receptor) were incubated with folate porphysomes, specific uptake was observed by confocal microscopy and could be inhibited by free folate (Fig. 3e) . As intact porphysomes in the incubation media were essentially non-fluorescent, confocal imaging was carried out without a need to change the media. Control experiments revealed that the porphyrin-lipid ended up in endosomes and lysosomes, on the basis of partial co-localization with transferrin and lysotraker ( Supplementary Fig. S8 ).
We next assessed factors relevant to potential clinical applications of porphysomes. To bypass the unknown, long-term side effects of inorganic nanoparticle accumulation in body organs, luminescent silica nanoparticles have been developed that decompose in aqueous solution over a period of hours 32 . Porphysomes are stable for months when stored in aqueous solutions, but they were prone to enzymatic degradation (Fig. 4a) . On incubation with detergent and lipase, the phospholipid structure was cleaved, with the main aromatic product being pyropheophorbide, which was the starting material in the synthetic reaction generating the porphyrin-lipid. Similarly to chlorophyll, pyropheophorbide is known to be enzymatically cleaved into colourless pyrroles when incubated with peroxidase and hydrogen peroxide 33 . We verified this degradation by monitoring the loss of porphyrin absorption and confirmed that pyropheophorbide could be efficiently degraded by peroxidase. To our knowledge, this is the first example of an enzymatically biodegradable, intrinsically optical active nanoparticle. We next carried out a preliminary study to assess the potential toxicity of porphysomes. When mice were treated with a high dose of porphysomes (1,000 mg kg −1 ), they remained healthy over a two-week period, as demonstrated by a lack of major behaviour changes or weight loss (Fig. 4b) . At the two-week time point, mice were euthanized and blood tests were carried out (Fig. 4c) . Liver function tests indicated that the hepatic function of the mice was generally normal, with the exception of elevated levels of bile acids and alanine transferase (less than two times the upper range of normal). Red blood cell counts and attributes were unaffected by the large dose of porphyrin-lipid, which did not interfere with the physiological regulation of endogenous porphyrin (haem). Unaffected white blood cell counts imply that porphysomes were not immunogenic at the two-week time point, even at the high doses given to mice. Post-mortem histopathological examination of the liver, spleen and kidneys indicated that these organs were in good condition and were not impacted by the high intravenous (i.v.) porphysome dose (Fig. 4d) .
The large aqueous core of the porphysome, contained within the porphyrin bilayer, has potential for cargo loading (Fig. 1b) . When porphysomes (containing 5% PEG-lipid) were hydrated using a 250 mM carboxyfluorescein solution and extruded, only a limited amount of carboxyfluorescein was stably entrapped in the porphysomes, as determined by gel filtration (Fig. 5a , left). As cholesterol is known to enhance loading of compounds within phosphatidylcholine-based liposomes 34 , we included 30 molar% cholesterol into the formulation and repeated the passive carboxyfluorescein loading. The cholesterol-containing porphysomes were able to load ∼20 times more carboxyfluorescein when compared with the porphysomes lacking cholesterol (Fig. 5a,  right) . At this high loading concentration, carboxyfluorescein itself was self-quenched in the porphysome (Fig. 5b, left) . Furthermore, the porphysome remained fluorescently self-quenched (Fig. 5b,  right) , indicating that most of the light absorbed by the porphyrin bilayer was converted to heat. As expected, passive loading of carboxyfluorescein entrapped only a small fraction of the total fluorophore in the hydration solution. One of the most powerful drug loading techniques is active loading, which uses pH or ion gradients to concentrate amphipathic weakly basic molecules into liposomes 35 and polymersomes 36 . The importance of this loading technique is reflected by Doxil, the first clinically implemented nanoparticle 37 , which is a liposomal formulation of actively loaded doxorubicin. We applied the ammonium sulphate gradient method 35 with a doxorubicin to pyropheophorbidelipid molar ratio of 1:5 to actively load doxorubicin into porphysomes. Without addition of cholesterol, some loading of doxorubicin was observed by gel filtration, but the fraction of the total doxorubicin incorporated from the solution was approximately 10% (Fig. 5c, left) . However, when 50 molar% cholesterol was added to the porphysome formulation, strong active loading was achieved and porphysomes loaded 90% of all free doxorubicin in solution into the porphysome core (Fig. 5c,  right) . These porphysomes also maintained a self-quenching porphyrin bilayer (Fig. 5d) . Both actively and passively loaded porphysomes exhibited monodisperse sizes between 150 nm and 200 nm (Fig. 5e) .
Photothermal therapy is an emerging technique that can make use of contrast agents that convert light into heat at target sites. Inorganic nanoparticles including gold nanoshells 14 , gold nanorods 38 , gold nanocages 39 and graphene 40 have been used to destroy tumours using photothermal therapy. To demonstrate the biophotonic therapeutic potential of an organic nanoparticle, we carried out preliminary experiments using porphysomes as agents for photothermal therapy. We used porphysomes containing 30 molar% cholesterol because they demonstrated favourable biodistribution following systemic administration, with more accumulation in the tumour (3% injected dose per gram) and less accumulation in the liver and spleen than standard porphysomes ( Supplementary Fig. S9a ). Cholesterol porphysomes also had a 35% longer serum half-life of 8.5 h (Supplementary Fig. S9b) . A 658 nm laser outputting 750 mW (with a power density of 1.9 W cm −2 ) was used to irradiate the KB tumours in xenograftbearing mice following porphysome administration (Fig. 6a) . At 24 h before treatment, mice were injected intravenously with 42 mg kg −1 porphysomes or a PBS control. The tumour was then irradiated with the laser for 1 min and temperature was monitored using a thermal camera (Fig. 6b) . The tumour temperature in the porphysome group rapidly reached 60
• C, whereas the tumours in mice injected with PBS were limited to 40
• C (Fig. 6c) . Following treatment, mice in the porphysome-and laser-treated group developed eschars on the tumours, whereas the laser-alone group and the porphysomes-alone group did not. After two weeks, the eschars healed and the tumours in the treated group were destroyed (Fig. 6d) . Unlike the tumours in mice treated with porphysomes and laser treatment, tumours in mice that received laser treatment alone or porphysome injection alone continued to grow rapidly and all of the mice in those groups had to be euthanized within 21 days (Fig. 6e) . This photothermal experiment corresponded to a treatment with a therapeutic index of at least 25, given the safety of porphysomes at 1 g kg −1 i.v. doses. We believe that porphysomes could impact a range of clinical applications, potentially exploiting synergistic, multimodal optical imaging and therapeutic approaches. However, to achieve clinical relevance, the rapid attenuation of light in biological tissues must be dealt with by leveraging improving light delivery methods or targeting diseases that affect organs that are more accessible to light 41 .
Similarly to liposomes, porphysomes are self-assembled from simple monomers, efficient nanocarriers, enzymatically biodegradable and highly biocompatible. A small molar percentage of lipid conjugated to targeting moieties, such as antibodies, aptamers, proteins or small targeting molecules, could be easily incorporated to potentially direct porphysomes to a range of different target cells. Similarly to optically active inorganic nanoparticles, porphysomes have large, tunable extinction coefficients and are effective agents for photothermal and photoacoustic applications. Porphysomes exhibit unique nanoscale optical properties and are intrinsically suited for multimodal imaging and therapeutic applications.
Methods
Formation and characterization of porphysomes. 1-palmitoyl-2-hydroxysn-glycero-3-phosphocholine (Avanti Polar Lipids) was acylated with the Spirulina pacifica-derived pyropheophorbide or Rhodobacter sphaeroides-derived bacteriochlorophyll to yield pyropheophorbide-lipid or bacteriochlorophyll-lipid, respectively, as acyl-migrated regioisomers. Porphysomes were formed by dispersion and evaporation of lipids and porphyrin-lipids to form a film. Films were rehydrated with PBS, subjected to freeze-thaw cycles and extruded with a 100 nm polycarbonate membrane at 65 • C. Porphysome size was characterized with a Nanosizer ZS90 (Malvern Instruments). Electron microscopy was carried out with 2% uranyl acetate negative staining and a Tecnai F20 electron microscope (FEI company). Porphysome self-quenching was characterized using a Fluoromax fluorometer (Horiba Jobin Yvon). Porphysome or liposome solutions were excited at 420 nm and emission was measured and integrated from 600 to 750 nm. Background subtraction of an equal concentration of 100 nm egg-yolk phosphatidylcholine/cholesterol (3:2) liposomes was carried out. The fluorescence self-quenching F DET /F 0 of each sample was determined by the ratio of the integrated fluorescence emission in the presence or absence of 0.5% Triton X-100. Resonance light scattering and initial photothermal response were carried out with wavelength-matched gold nanorods (kindly provided by the Kumacheva lab, University of Toronto), adjusted to the same absorbance at 680 nm. For resonance light scattering, excitation and emission were set to the same wavelength and scanned from 400 to 700 nm. After blank subtraction, the resonance scatter of the two samples was divided. Photothermal response was determined using a thermal camera (Mikroshot) following 60 s of laser irradiation with a 673 nm laser diode outputting 150 mW. Passive loading of porphysomes was accomplished by hydrating the porphyrin-lipid film with 250 mM carboxyfluorescein (Anaspec). Following porphysome preparation, unencapsulated carboxyfluorescein was removed by gel filtration using a PD-10 column (GE Healthcare). To actively load doxorubicin, a 0.45 mg ml −1 solution of doxorubicin hydrochloride (Sigma Aldrich) was loaded into porphysomes containing 155 mM ammonium sulphate at pH 5.5 by incubating for 2 h at 37 • C. Free doxorubicin was removed by gel filtration. See Supplementary Information for further details.
Multimodal porphysome imaging and therapy. Photoacoustic measurements were carried out on a photoacoustic system with a Ti:sapphire tunable laser and an ultrasound transducer. The axial and transverse resolutions of the system were 150 µm and 590 µm, respectively. Measurements were carried out at 760 nm using bacteriochlorophyll porphysomes in PBS solution. For structural-dependent studies, the photoacoustic signal of porphysomes was compared with that of porphysomes that had been lysed with 0.5% Triton X-100. Animal experiments involving photoacoustic imaging were carried out in compliance with Washington University guidelines. In vivo lymphatic mapping with porphysomes was carried out using Sprague-Dawley rats (∼200 g) before and after an intradermal porphysome injection on the left forepaw. Mouse xenograft experiments were carried out in compliance with University Health Network guidelines. For fluorescence imaging, 3 × 10 6 KB cells were inoculated subcutaneously in nude mice and the xenograft grew for 2-3 weeks. Mice were injected through tail vein with bacteriochlorophyll porphysomes. Imaging was carried out using a Maestro imaging system (CRI) using a 710-760 nm excitation filter and an 800 nm long-pass emission filter. For photothermal therapy, KB tumours were grown in female nude mice by injecting 2 × 10 6 cells into the right flank of female nude mice. When tumour diameters reached 4-5 mm, 42 mg kg −1 of porphysomes containing 30 molar% cholesterol were injected through tail vein. At 24 h post-injection, mice were anesthetized with 2% (v/v) isofluorane and tumours were irradiated with a laser with 750 mW output at 660 nm with a 5 mm by 8 mm spot size. Tumour temperatures were recorded with an infrared camera. Tumour volume was measured daily and mice were euthanized once tumour diameter reached 10 mm. See Supplementary Information for further details.
Porphysome degradation and toxicity. For enzymatic degradation, pyropheophorbide porphysomes were incubated with lipase from Rhizomucor miehei (Sigma) for 24 h at 37 • C in PBS containing 0.5% Triton X-100 and 10 mM CaCl 2 . The solution was then subjected to high-performance liquid chromatography/ mass spectrometry analysis to monitor the generation of the pyropheophorbide starting material. Pyropheophorbide was further degraded according to known procedures 33 by incubating 100 µM pyropheophorbide in 0.25% Triton X-100 with 25 units of horseradish peroxidase type II (Sigma), 250 µM of hydrogen peroxide and 500 µM 2,4-dichlorophenol, and absorption loss at 680 nm was monitored. Toxicity experiments were carried out with six-week-old male BALB/c mice (Charles River) in compliance with University Health Network guidelines. Blood was sampled 6 h before porphysome or saline injection. Blood was subjected to the Mammalian Liver Profile tests (Abaxis), and MASCOT haematology profiling (Drew Scientific) according to the manufacturer's protocol. Mice were injected through tail vein with porphysomes (1,000 mg kg −1 ) or an equal volume of PBS. Over a two-week period, mice were observed for behavioural changes and weight was monitored. Mice were then killed, after cardiac puncture to obtain blood for analysis and then sent for histopathology analysis. See Supplementary Information for further details.
